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Salmonella regulates host cells by
injecting their effector proteins. Na et al.
used reactive fluorophores for unbiased
Salmonella protein tagging and
discovered a host cell cycle regulator by
chemical proteomic profiling and
genome-wide sequence analysis.
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Salmonella utilizes a type III secretion system to
inject bacterial effector proteins into the host cell
cytosol. Once in the cytosol, these effectors hijack
various biochemical pathways to regulate virulence.
Despite the importance of effector proteins, espe-
cially for understanding host-pathogen interactions,
a potentially large number of effectors are yet to be
identified. Here, we demonstrate that unbiased
chemical proteomic profiling using off-the-shelf fluo-
rescent probes leads to the discovery of a host cell
cycle regulator encoded in the Salmonella genome.
Our profiling combined with bioinformatic analysis
implicates 29 Salmonella as potential effectors.
We follow up on the top candidate, chorismate
mutase-P/prehenate dehydratase, PheA, and pre-
sent evidence that PheA is an effector that mimics
E2F7 transcription factor of the host cell and pro-
motes G1/S cell cycle arrest. This validates our
strategy and opens opportunities for effector identi-
fication in the future.
INTRODUCTION
Chemical proteomics has emerged as a powerful method to
unveil the biochemical functions of enzymes and their roles in
signaling pathways (Cravatt et al., 2008; Nomura et al., 2010).
In contrast to conventional proteomic techniques relying on the
expression abundance of proteins, chemical proteomics had
the advantage that target proteins can be systematically
confined depending on the reactive functional groups of the
chemical probes. In addition, the functional status of enzymes
can be monitored based on in situ reactivity profiles (Adam
et al., 2002; Evans and Cravatt, 2006; Lee et al., 2014b). To
expand the scope and improve selectivity, many research
groups have investigated the development of novel chemical
probes using versatile reactive functional groups, including acyl-
phosphonate, epoxide, a-fluoro-methylketone, a-chloroaceta-
mide, and a,b-unsaturated ketone, among others (Fonovic and
Bogyo, 2008;Weerapana et al., 2008). Although there are several
examples of reactive chemical probes that exhibit exceptionalChemistry & Biology 22,selectivity for a single protein (Kaschani et al., 2012; Kim et al.,
2011; Son et al., 2010; Wirth et al., 2012), synthetic probes often
have a broad range of binding partners (Adam et al., 2002). We
hypothesized that such cross-reactivity could also be valuable
for unbiased proteome reactivity profiling, and we demonstrated
its application in the discrimination of 11 bacterial strains (Lee
et al., 2014a). Here, we report a competitive chemical proteomic
profiling study for labeled protein identification and discovery of
a host cell cycle regulator in the Salmonella proteome.
Salmonella enterica serovar Typhimurium is a Gram-negative
pathogen that causes various diseases, such as gastroenteritis,
diarrhea, and typhoid fever (Hansen-Wester and Hensel, 2001).
Salmonella has been a popular model organism to study host-
pathogen interactions because it can survive the host immune
response. The Salmonella infection process is mediated by a
type III secretion system (TTSS) encoded in the Salmonella
genome and provokes the formation of a membrane-bound
cellular compartment called a Salmonella-containing vacuole
(SCV) (Waterman and Holden, 2003). While in the SCV, Salmo-
nella injects effector proteins into the host cell cytosol through
the TTSS to stimulate host cell responses and survives inside
macrophages (Galan, 1999). Although it is well known that
effector proteins from Salmonella translocate into the cytosol
and regulate various biochemical pathways in the host cell, there
are still many effector proteins to be unveiled. The challenges of
effector protein identification mainly originate from two issues:
(1) the lack of a conserved signal peptide sequence in effector
proteins, which makes it difficult to predict potential candidates,
and (2) the low-throughput nature of GFP tagging-based genetic
manipulation, which limits the discovery to a case-by-case basis
(Cain et al., 2008; Hannemann et al., 2013; Schroeder et al.,
2010). In the conventional strategy, individual effector protein
candidates are tagged with GFP for visualization of translocation
and host cell responses. To overcome the throughput issue, we
hypothesized that reactive chemical probes could be utilized to
accelerate the discovery process using an unbiased tagging
strategy. Reactive fluorescent probes are advantageous in that
they can simultaneously tag various Salmonella proteins that
potentially include a subset of effector proteins. Because Salmo-
nella labeling can be performed separately, prior to macrophage
infection, fluorescence signals are solely from labeled Salmo-
nella proteins. Based on the fluorescence signal tracking of
tagged Salmonella proteins in macrophage cells, we discovered
a unique translocation pattern after infection with pre-labeled
Salmonella in RAW264.7 cells, and subsequent studies unveiled453–459, April 23, 2015 ª2015 Elsevier Ltd All rights reserved 453
Figure 1. Proteome Tagging Pattern of Flu-
NHS, Depending on the Compound Treat-
ment Conditions
(A–C) Coomassie staining of the total Salmonella
proteome (A). Flu-NHS-tagged protein profile
when Flu-NHS was applied to living Salmonella
(B), and proteome lysate (C) (overall gel images
in the Supplemental Information). Confocal mi-
croscopy images of live RAW264.7 cells after
infection with fluorophore-labeled Salmonella.
Salmonella was pre-incubated with the Flu-NHS
probe (10 mM) and the labeled Salmonella was
infected into the RAW264.7 cell line.
(D–I) Fluorescence images were obtained 2 hr
(D–F) and 24 hr (G–I) after infection. Nuclear
staining by Hoechst 34580 (D, G) and Flu-NHS-
tagged proteins (E, H) and merged images (F, I).
Scale bar represents 20 mm. The white arrows
indicate nucleus staining of Flu-NHS-tagged
proteins.a host cell cycle regulator in the Salmonella genome. This study
demonstrates a previously unexplored, simple strategy utilizing
chemical probes to investigate host-pathogen interactions.
RESULTS AND DISCUSSION
Off-the-Shelf Fluorescent Probes andUnbiased Tagging
in Live Salmonella
Previously, we observed that the bacterial proteome exhibits a
distinctive reactivity pattern when we examined it using a series
of differently charged chemical probes (Lee et al., 2014a). In
particular, highly reactive electrophiles tend to generate signifi-
cantly more labeled bands in SDS-PAGE. To maximize the
chance of engaging effector proteins, we chose four off-the shelf
fluorescent probes that contain N-hydroxysuccinimide (NHS) or
iodoacetamide (IA) functional groups with a distinct charge state
(negatively charged probe, fluorescein (Flu); positively charged
probe, tetramethyl rhodamine (Rho); Scheme S1). Both NHS
and IA groups have been ubiquitously used for tagging fluoro-
phores to proteins in vitro by targeting primary amines in lysine
or thiols in cysteine, respectively (Spence and Johnson, 2010).454 Chemistry & Biology 22, 453–459, April 23, 2015 ª2015 Elsevier Ltd All rights reservedIn cases of in vitro protein tagging, these
compounds were often considered as a
tool for random labeling of any amines
or thiols. However, target engagement
in complex living systems is a much
more complicated process, and it has
been reported that the intact living envi-
ronment of mammalian cells mediates a
significantly distinct labeling pattern, de-
pending on the electrophilic warhead
and the fluorophore scaffold (Kim et al.,
2011; Son et al., 2010).
Initially, we examined the proteome-
staining pattern of fluorescent probes to
verify whether the living context ofSalmo-
nella also affects the unique signature of
labeled proteins (Figure 1; Figure S1).
Four off-the-shelf fluorescent probes(Flu-NHS, Flu-IA, Rho-NHS, and Rho-IA) were incubated with
either lysate or live Salmonella enterica serovar Typhimurium at
a concentration of 10 mM and protein labeling was analyzed by
SDS-PAGE. Although the fluorescence intensity of sample stain-
ing under live conditions showed significantly low intensity, the
fluorescent gel pattern of live Salmonella staining exhibited a
distinctive profile that suggests that the living context of Salmo-
nella influences protein interaction partners for chemical probes
(Figure S1). We also examined whether unbiased fluorophore
tagging affects the survival or growth of Salmonella; however,
all four compounds showed negligible perturbation (Table S1).
Infection of Macrophages with Fluorescently Tagged
Salmonella
To examine labeled Salmonella proteins as potential effector
proteins, we carried out live-cell fluorescence imaging of macro-
phage cells after infection. Salmonella was pre-labeled with four
chemical probes and infected into RAW264.7 macrophage cells
(Scheme 1). The fluorescent probes were added to a live Salmo-
nella culture at a final concentration of 10 mM for 30 min at room
temperature, and unreacted compounds were washed away
Scheme 1. Unbiased Tagging Strategy for the Discovery of Salmo-
nella Effector Proteins Using Off-the-Shelf Fluorescent Probestwice using PBS prior to infection of RAW264.7 cells. Live-cell
fluorescence images were obtained 2 and 5 hr after infection
(Figure S2). In most cases, we observed a tiny dot or rod shape
for the labeled Salmonella and the signals in the host cell cytosol
were faint, which suggests that the majority of the fluorophore-
tagged proteins were not injected into the host cells. Interest-
ingly, we observed a notable fluorescence signal in the nucleus
5 hr after infection, corresponding with the NHS probes (Figures
S2A–S2D). It is noteworthy that nuclear staining signals from
Flu-NHS were not detected in all host cells, indicating that
Salmonella infection was not homogeneous in the overall cell
population (Figure 1, white arrow; Figures S2I and S2J). Intrigued
by this unique translocation pattern, we decided to pursue iden-
tification of the NHS-tagged proteins and investigate their host
cell regulation.
Identification of Tagged Proteins by a Competitive
Chemical Proteomic Profiling Method
To identify the fluorophore-labeled proteins, we designed a
comparative chemical proteomic mapping strategy inspired by
hyper-reactive cysteine profiling (Weerapana et al., 2010). Our
method relies on the competition between reactive fluorescent
probes and a biotin-NHS probe (Figure 2A). First, all proteins
that could form a covalent bond with the NHS functional
group were tagged with an excess amount of the biotin-NHS
probe, and their identity was determined based on avidin bead
enrichment followed by on-bead digestion and liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) analysis
(detailed protocols are available in the Supplemental Informa-
tion). Second, fluorophore-tagged proteins were discovered
based on a comparison between fluorescent probe pre-treated
samples and the vehicle. Because Flu-NHS exhibited stronger
nuclear signals, Flu-NHS was chosen for the comparative prote-
omic mapping. Vehicle lysates were prepared from an overnightChemistry & Biology 22,culture of Salmonella and 100 mM biotin-NHS probe was incu-
bated in the bacterial lysate for 30 min at room temperature to
maximize NHS labeling of the proteome. For the fluorescent
probe pre-labeled samples, Flu-NHS was applied to live Salmo-
nella at a concentration of 10 mM before lysis and biotin-NHS
labeling.
Based on triplicate proteomicmapping analyses, a total of 642
Salmonella proteins were identified from the vehicle as tagged
with the NHS functional group in vitro (Table S2A). All of these
proteins contained at least one lysine residue. When we con-
ducted a competition assay by pre-incubation of Flu-NHS with
live Salmonella, 313 proteins were outcompeted in the triplicate
experiments and were determined to be fluorescent probe-
labeled proteins (Table S2C; competitive gel profile, Figure S3).
Although Flu-NHS-tagged proteins accounted for nearly half of
the proteins by NHS reactivity, they exhibited a unique distribu-
tion of pI values compared with the non-labeled proteins (Fig-
ure 2B). In addition, as we hypothesized, the cross-reactive
fluorescent probe tagged various enzyme classes, including
oxidoreductases, transferases, hydrolases, lyases, and ligases
(Table S2). It is also noteworthy that the biological functions of
many Salmonella proteins are not fully annotated. Due to the
lack of complete functional descriptions, investigation of the
host cell-pathogen interactions was limited towell-characterized
proteins. However, unbiased reactivity profiling could examine
diverse classes of proteins, independent of their previous anno-
tation status.
Genome-wide BLAST Analysis of Flu-NHS-Tagged
Salmonella Proteins toward Mus musculus Proteins
Because the unique phenotypic signature of Flu-NHS-tagged
proteins was nuclear translocation, we envisaged that several
fluorescently tagged Salmonella proteins might mimic the func-
tion of a host cell factor that localizes in the nucleus. To analyze
the functional similarities of the tagged proteins and host cell fac-
tors, we performed a cross-species BLAST analysis between
Salmonella and Mus musculus, which is the origin of the
RAW264.7 cell line. We first executed a BLAST analysis for all
Salmonella proteins against Mus musculus proteins using an
in-house BLAST server and extracted the results for the Flu-
NHS-tagged proteins (Table S3A). We then further trimmed the
results by using keywords containing ‘‘DNA’’ and ‘‘transcription’’
to narrow down the proteins to those that localize in the nucleus.
From these sequence analyses, we found that 29 fluorophore-
tagged proteins showed high sequence similarities to a host
cell factor related to DNA binding (Table S3B). Among these
proteins, 16 had an exceptionally high sequence similarity score
and conserved biological function in both Salmonella and Mus
musculus, such as DNA topoisomerase (CBG24317) and ATP-
dependent RNA helicase (CBG25670). In contrast, the BLAST
hits for the other 13 proteins exhibited quite distinct functions
between the species.
Because most functionally conserved enzymes share high
sequence homology, we focused on this set of proteins in partic-
ular for novel effector protein discovery. Chorismate mutase-P/
prephenate dehydratase (gene symbol, PheA, CBG25688) ex-
hibited a significantly high score for sequence similarity in this
set (Table S3B). PheA is a Salmonella enzyme known for phenyl-
alanine biosynthesis and metabolic processing of chorismate.453–459, April 23, 2015 ª2015 Elsevier Ltd All rights reserved 455
Figure 2. Comparative Chemical Proteomic Mapping for the Identification of Fluorophore-Tagged Proteins
(A) Schematic workflow of competitive proteomic profiling.
(B) Boxplot of calculated pI values for tagged proteins showing distinct distribution patterns between Flu-NHS-labeled and non-labeled proteins (a full list is
available in Table S2).Interestingly, this protein exhibited significant sequence similar-
ity to an area near the DNA binding domain of the host cell
transcription factor, E2F transcription factor 7 (E2F7) (Figure 3A).
The E2F family of transcription factors is known to regulate
collections of genes that are involved in cell proliferation,
differentiation, and apoptosis, but the detailed molecular mech-
anism of regulation is not yet fully understood yet (Endo-Munoz
et al., 2009; Li et al., 2008). Recently, multiple research groups
reported that E2F7 represses the transcription of G1/S genes,
resulting in cell cycle alteration (Liu et al., 2013; Westendorp
et al., 2012). Therefore, PheA could induce host cell transcrip-
tional regulation or cell cycle changes if it mimics the function
of E2F7.
PheA as a Host Cell Cycle Regulation Factor
To determine whether Salmonella infection induces host cell
cycle perturbation, we prepared RAW264.7 cells with or without
Salmonella infection and performed cell cycle analysis using the
propidium iodide (PI) staining pattern by fluorescence-activated
cell sorting (FACS). After infection of RAW264.7 cells withSalmo-
nella, the proportion of the cell populations with G0/G1 status
increased from 66.7% to 69.6%, and the proportion with G2/M
status decreased from 14.8% to 11.1% (Figure 3B). This cell
cycle perturbation effect was more dramatic in RAW264.7 cells
over-expressing PheA-EGFP (G0/G1 74.3%, G2M 9%). These
results indicate that Salmonella infection promotes G1/S cell
cycle arrest, and this effect was consistent with E2F7-induced
cell cycle alteration. Next, we evaluated direct PheA binding to
the DNA sequence of the E2F7 binding motif in vitro. We con-
structed an EGFP tagged PheA expression vector by fusing
the full-length sequence of PheA to the N-terminal site of
EGFP. Purified PheA-EGFP protein was then incubated with a
DNA oligomer (TTCCCGCC) that was identified in a previous
ChIP-seq analysis of E2F7 (Westendorp et al., 2012). In the elec-
trophoretic mobility shift assay, we observed a band shift only if
purified PheA-EGFP protein was incubated with tetramethyl
rhodamine (TAMRA)-tagged DNA oligomer (third lane in Fig-
ure 3C), suggesting that PheA bound to the DNA oligomer of
the E2F7-binding motif in vitro. To elucidate the subcellular456 Chemistry & Biology 22, 453–459, April 23, 2015 ª2015 Elsevierlocalization of the PheA protein in host cells, we obtained fluores-
cence images of live RAW264.7 cells after infection with Salmo-
nella expressing PheA-EGFP (Figure 3D). After 24 hr of infection,
the fluorescence signal of PheA-EGFP was observed not only in
fluorophore-tagged Salmonella itself (small dot shape) but also
around the nuclear region of the infected cells (white arrow in
Figure 3D). Nuclear localizationwas further confirmed by fluores-
cence co-staining using Hoechst, a commercially available nu-
clear stain.
Lastly, we checked for changes in the downstream gene
expression of E2F7 targets. We carried out RT-PCR quantifica-
tion for five target genes that contained multiple E2F7-binding
motifs based on the previous ChIP-seq experiment (Westendorp
et al., 2012). As shown in Figures 3E and S4, CDC6, CDC7, and
MCM3, which are downstream target genes related to DNA
replication and metabolisms, were significantly upregulated by
both Salmonella infection and PheA-EGFP overexpression. In
contrast, the cell cycle regulation-related gene, CCNE2,
exhibited only a slightly upregulated pattern especially in
PheA-EGFP overexpression conditions, and the cytoskeletal
organization process-related gene, FBXO5, did not show signif-
icant changes. These observations suggested that even though
PheA contains high sequence similarity to E2F7’s DNA binding
domain, its mode of action may not be exactly identical to that
of host cell E2F7. Although the detailed mechanism of transloca-
tion of PheA into the host cell and the identity of the proteins
involved in the mode of action are unclear, it is clear that expres-
sion of PheA induces host cell cycle perturbation as well as alter-
ation in E2F7 target gene expression.
In this study, we focused on host cell regulation by PheA
because it was the top candidate based on the sequence anal-
ysis score. However, all other protein hits still have the potential
to be effector proteins that affect the host cell cycle. It would be
interesting to investigate all these candidates and their roles in
host-pathogen interactions. Based on our results, we have
demonstrated the power of an unbiased tagging approach for
the discovery of host cell regulators from pathogens. We believe
that our approach provides a unique advantage for host-path-
ogen interaction studies in the future.Ltd All rights reserved
Figure 3. Host Cell Regulation Effect of PheA
(A) Schematic presentation of the BLAST sequence alignment result for Salmonella chorismate mutase-P/prephenate dehydratase and Mus musculus E2F7.
(B) Cell cycle analysis of non-infected RAW264.7 cells (left), RAW264.7 cells after 5 hr ofSalmonella infection (center), and RAW264.7 cells over-expressing PheA-
EGFP (right).
(C) Electrophoretic mobility shift assay of PheA and a DNA oligomer of the E2F7 binding motif sequence. First lane: DNA oligomer tagged with TAMRA only as a
control. Second and third lanes: purified PheA-EGFP protein with/without DNA oligomer tagged with TAMRA.
(D) Fluorescence image of live RAW264.7 cells infected with PheA-EGFP-expressing Salmonella after 24 hr. EGFP signals were generated in both the cytosol and
the nucleus regions. The white arrow indicates the nuclear region. Scale bar represents 10 mm.
(E) Regulation of the gene expression of downstream targets of E2F7 as determined by RT-PCR. b-Actin was loaded as a control and the gene expression of
CDC6, CDC7, MCM3, CCNE2, and FBXO5 was measured by RT-PCR.SIGNIFICANCE
We demonstrated competitive chemical proteomic mapping
of the Salmonella proteome using off-the-shelf fluorescent
probes. The unbiased fluorophore tagging strategy proved
itsusefulness fordiverseenzymetargeting. Inaddition,obser-
vation of the nuclear translocation of fluorescently tagged
bacterial proteins, together with large-scale cross-species
sequenceanalysis, led tothediscoveryofahostcell transcrip-
tion regulator that induced G1/S cell cycle perturbation.
Although many studies have been devoted to the discovery
ofSalmonellaeffectorproteinsusing reversegenetics, our re-
sults prove that unbiased chemical proteomic profiling can
reveal potential effectorproteins ina forwardgeneticmanner.EXPERIMENTAL PROCEDURES
Fluorescence Microscopy for Phenotypic Screening
RAW264.7 cells were seeded on glass-bottom plates and infected as
described in the above protocol. After 2 hr, 5 hr, and 24 hr of incubation atChemistry & Biology 22,37C under 5%CO2, the cells were stained with Hoechst 34580 and incubated
for a further 15 min prior to imaging. Live-cell fluorescence images were
collected using a confocal laser scanning microscope (LSM-700; Zeiss) or
an epi-fluorescence microscope (Eclipse Ti; Nikon). The Hoechst 34580 sig-
nals were detected by a 405-nm laser excitation/DAPI channel emission filter.
The Flu-NHS and Flu-IA signals were detected using a 488-nm laser/fluores-
cein isothiocyanate emission filter. The Rho-NHS and Rho-IA signals were de-
tected using a 543-nm laser/Texas Red emission filter.
Cross-Species BLAST Analysis
The Salmonella enterica serovar Typhimurium proteome sequence database
was obtained from the Sanger Institute GeneDB repository (Salmonella enter-
ica subsp. enterica serovar Typhimurium str.D23580. Sequence information
was published in Kingsley et al. (2009) (URL: http://www.genedb.org/
Homepage/Styphimurium). All protein entries for Salmonella were searched
in the NCBInr database using the in-house BLAST server (BLASTP 2.2.29 +
version downloaded from the NCBI FTP repository; Altschul et al., 1997)
with the organism option ‘‘Mus musculus.’’ The BLOSUM62 scoring matrix
was used with 11 existence and 1 extension value for Gap Costs. The
maximum target sequence number was 100, the expected threshold was
10, and the word size was set to 3. All entries from the BLAST search results
are available on our webserver (http://leegroup.chembiol.re.kr/database).
The BLAST search results for the top three hits are listed in Table S3A. We453–459, April 23, 2015 ª2015 Elsevier Ltd All rights reserved 457
further trimmed the BLAST output using the keywords ‘‘DNA’’ and ‘‘transcrip-
tion’’ as summarized in Table S3B.
Cell Cycle Analysis
Briefly, RAW264.7 cells with or without Salmonella infection were prepared.
After trypsinizing the cells, the cell number was adjusted to approximately
1 3 106 cells for both samples. The cells were then fixed using 70% ethanol
at 4C for at least 1 hr to permeabilize the cells to PI. The fixed cells
were stained with PI at a concentration of 40 mg/ml for 1 hr and cell cycle
analysis was performed using a single-sample Guava easyCyte flow cytom-
eter (Millipore). The FACS data were exported and analyzed using FlowJo
software.
Electrophoretic Mobility Shift Assay
E2F7 binding motif sequences (Westendorp et al., 2012) of DNA oligomers
were purchased from Macrogen. Before incubation of the lysates, two
complimentary sequence oligomers that were modified with TAMRA at the
50-end were hybridized (DNA oligomers: linker-E2F7 binding motif-linker,
50-(TAMRA)-TAC GCC AAG CTT CCC GCC CTG CAG GTC GAC-30,
50-(TAMRA)-GTC GAC CTG CAG GGC GGG AAG CTT GGC GTA-30). The
purified PheA-EGFP protein (10 mg) was then mixed with hybridized DNA
oligomers (1.4 mg) for 1 hr at room temperature. The reaction mixtures were
separated on an 8% native polyacrylamide gel and the fluorescence signals
of EGFP and TAMRA were measured using fluorescein isothiocyanate and
rhodamine filters, respectively, in a ChemiDoc system (Bio-Rad).
RT-PCR Quantitation of the Gene Downstream of E2F7
Total RNA extractions were carried out using the PureLink RNA Mini Kit (cata-
log no. 12183020, Ambion) according to the manufacturer’s protocol and
RAW264.7 cells, RAW264.7 cells infected with Salmonella, or RAW264.7 cells
over-expressing PheA-EGFP. The total RNAs extracted (500 ng/ml) weremixed
with primers for the corresponding genes and the RT-PCR reagents provided
in the SuperScript One-Step RT-PCR with the Platinum Taq Kit (catalog no.
10928-034, Invitrogen) (PCR primers: ACTB-F, 50-CCA CCA TGT ACC CAG
GCA TT-30; ACTB-R, 50-AGG GTG TAA AAC GCA GCT CA-30; CDC6-F,
50- GAA GCC TGG CTG GAC TTT GG-30; CDC6-R, 50-GAC GTT TTC GGG
GAC TGA GA-30; CDC7-F, 50-GTG GAT CAG CAG TGT ACC CC-30;
CDC7-R, 50-TGA TTT GCC TGT GGT CTG GT-30; MCM3-F, 50-CCA GTT
ACA GCA CGG ACA CT-30; MCM3-R, 50-AAC ACT TCT AAG AGG GCC
GC-30; CCNE2-F, 50-ACA CTA ACT TAT GCG GTT GGA CT-30; CCNE2-R,
50-AAA CGG CTA CTG CGT CTT GA-30; FBXO5-F, 50-GTA CCA GCT GGC
GCC TTT TA-30; FBXO5-R, 50-GGA CAG GCA GCA AGG TTT TG-30). The
reaction mixture was incubated in a Bio-Rad S1000 Thermal Cycler as follows:
(1) PCR cycle for 30 min at 50C, 2 min at 94C. (2) Perform 30 cycles: 94C for
15 s, 58C for 30 s, 70C for 50 s. The resulting RT-PCR products were loaded
on to a 1% agarose gel for 30 min and stained with EtBr. EtBr staining signals
were measured using the ChemiDoc system (Bio-Rad).
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